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Abstract. As it was shown by many authors, a slow decrease in X-rays observed during
the decay phase of long duration flares (LDE) can be explained only by a magnetic
reconnection and energy release ceaselessly ongoing in the coronal part of a flare. Using
RHESSI data we try to answer two following questions. How effective are these processes
at the LDEs decay phase and how can precisely the energy release rate be calculated
based on these data? To answer the questions images of the selected LDEs during their
decay phase were reconstructed. Physical parameters of flare coronal sources obtained
from image spectral analysis allowed us to study the efficiency of the energy release
process. We also examined terms included in the energy equation to find out what is the
accuracy of determination of each term.
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1. Introduction
A long duration event (LDE) is a solar flare characterized by a slow de-
crease in soft X-ray (SXR) emission. This decrease may last many hours.
Much insight into the nature of LDEs was made by ultraviolet and X-ray
observations, during Skylab, SMM (Solar Maximum Mission) and Yohkoh
space missions (e.g. Sheeley et al., 1975; Kahler, 1977; Feldman et al., 1995;
Harra-Murnion et al., 1998; Czaykowska et al., 1999; Shibasaki, 2002; Isobe
et al., 2002). One of the most important conclusions is that without the
continuous energy input during the whole decay phase LDEs would decay
much faster than it is observed.
Loop-top sources (LTSs) are remarkable SXR and HXR (hard X-rays)
features of solar flares seen close to a flare loop apex. They form before flare
maximum and in LDEs may last whole decay phase (e.g. Feldman et al.,
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1995; Kołomański, 2007a). LTSs were first recorded on images taken from
Skylab and are commonly present in the present-day flare observations. The
sources should be located close to the primary energy release site (e.g. Kopp
& Pneuman, 1976; Shibata, 1999; Hirose et al., 2001; Karlický & Bárta,
2006). This fact makes them a very promising phenomenon for the analysis
of the energy release during the decay phase. Since the first observation
it has become clear that presence of LTS during the whole flare decay-
phase requires continuous energy release and some restriction mechanism
efficiently preventing outflow of mass and energy from LTSs (see Vorpahl et
al., 1977). Without meeting these two requirements loop-top sources would
rapidly lose energy by radiative and conductive processes and would vanish.
This result was later confirmed by an analysis based on Yohkoh and RHESSI
data (e.g. Jiang et al., 2006; Kołomański, 2007b).
An analysis of energy release during the decay phase can give us pre-
cise constraints for numerical flare models. The most demanding for the
models is long-lasting HXR emission of LTSs seen in LDE flares. Therefore
such LTSs observed for many hours after flare maximum are probably the
most promising observational feature to set up the constraints. The sources
should be located very close to the energy release site and, that is the
most important attribute, they put high requirements on the energy release
rate. If a long-lasting HXR source is thermal then it must be continuously
heated, because the characteristic radiative cooling time of hot (above 10
MK) and dense (≈ 1010 cm−3) plasma is about 1 hour. If an HXR source
is non-thermal then there should be a continuous acceleration of particles,
to counteract fast (about several seconds) thermalization of non-thermal
electrons.
Here we present the investigation of energy release in nine LDEs ob-
served by RHESSI. The analysis is made using RHESSI images recon-
structed in narrow (1 keV) energy intervals. Our results are presented in
to papers. In the first part (Mrozek et al. 2011, this issue, hereafter Pa-
per 1) we showed image reconstruction technique and estimation of LTSs
physical parameters and size through imaging spectroscopy. In this second
part we use the parameters to calculate the energy balance of the observed
sources and to find out how effective are the energy release and heating
processes at the decay phase of LDEs.
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2. Observations
For our analysis we selected nine LDEs well observed by RHESSI (Lin et al.,
2002). We chose flares of significantly different power and with decay phases
lasting more than 7 hours in GOES 1−8 Årange. The flares listed in Table 1
in Paper 1. RHESSI data were supported with SoHO/EIT (Delaboudinière
et al., 1995) and GOES/SEM (Space Environment Monitor, Donnelly et al.,
1977) observations. More information about the selected LDEs is given in
Paper 1.
3. Analysis
3.1. Geometrical and physical parameters of LTSs
To estimate the heating rate of an LTS we need to know its geometrical (size,
altitude) and physical (temperature, emission measure) parameters. These
were determined from RHESSI images. Image reconstruction, imaging spec-
troscopy, determination of size and physical parameters were described in
Paper 1.
Estimation of the altitude of an LTS requires its position in the RHESSI
image and determination of the point on the solar photosphere above which
the source is situated (reference point). The source position was defined by
the position of its centroid (see Paper 1). The position of reference point was
taken from locations of flare ribbons recorded by SOHO/EIT or determined
using the method described by Roy & Datlowe (1975). The method allow to
estimate heliographic coordinates for flares behind the solar limb. We plot a
position (on the solar disk) of an active region in which an analysed behind-
the-limb flare occurred as a function of time. The position is taken from
positions of all on-disk flares which occurred in that active region. Then we
extrapolate the position vs. time plot behind the limb to get a position of
our behind-the-limb flare.
All positions of reference points were corrected to account for the solar
rotation. Finally, the LTS altitude was calculated as the distance between
its centroid and the reference point. The altitudes obtained were corrected
for projection effects. Errors in the location of the reference point and the
location of source centroid were included in the altitude errors.
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3.2. Energy balance
As mentioned in the Introduction, the presence of HXR emission from an
LTS during the decay phase is evidence for energy release at that time.
To calculate the heating rate of an LTS we considered its energy balance
during the decay phase. Change of thermal energy of a loop-top source is
due to some processes that cool and heat plasma of the source. Three major
cooling processes where included into this balance: expansion, radiation and
conduction. Knowing the change of LTS thermal energy and values of the
three cooling processes we can calculate if and how efficiently the LTS was
heated. The equation of energy balance can be written as follows:
observed change of thermal energy = adiabatic expansion− · · ·
−conductive cooling − radiative cooling + heating rate
or written in explicit form:
(
dE
dt
)
obs
=
(
dE
dt
)
ad
− EC − ER + EH (1)
where:
• E = 3NkT is thermal energy density,
•
(
dE
dt
)
obs
is the decrease of E per second estimated from temperature
(T ) and density (number density of electrons, N) values,
•
(
dE
dt
)
ad
is the decrease due to the adiabatic expansion of plasma in a
source,
• EC is the energy loss due to thermal conduction,
• ER is the radiative loss, and
• EH is the heating rate or thermal energy release.
The values of EC , ER and EH are in erg cm−3 s−1. We calculated:
•
(
dE
dt
)
ad
= 5kT
(
dN
dt
)
,
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• EC = 3.9 × 10
−7T 3.5/(Lr) where r is the LTS radius and L is loop
semi-length (Jakimiec et al., 1997), and
• ER = N
2Φ(T ) (Φ(T ) is the radiative loss function taken from Dere
et al. (2009)).
We took the altitude of an LTS above the photosphere (h) as an approx-
imation for L in the expression for EC . Of course, h is smaller than L, but
they do not differ too much (see subsection ’Accuracy of the energy balance
terms – conduction term’).
3.2.1. accuracy of the energy balance terms – radiation term
The radiative cooling term involves the radiative loss function. How pre-
cisely is this function known? The are many determinations of the radiative
loss function in the literature (e.g. Cox & Tucker, 1969; Raymond et al.,
1976; Landi & Landini, 1999; Reeves & Warren, 2002; Colgan et al., 2008;
Dere et al., 2009). They differ in adopted atomic data, set of elements and
their abundances. These differences lead to discrepancies between the de-
termined function. We are especially interested in the part of the function
around 10 MK, because that is the typical temperature of LTSs. After in-
spection of the most recent determinations of the radiative loss function we
can conclude that they do not differ more than by factor 3. Moreover the
function around 10 MK is hardly sensitive to temperature change therefore
errors in temperature do not cause large uncertainty in Φ(T ). All in all ra-
diative loss function is not the source of substantial errors in the radiative
cooling term.
The term involves also three observational parameters: temperature,
emission measure and size of an LTS. The last two are needed to calcu-
late density. Temperature and emission measure are determined with quite
a good accuracy (relative errors less than 10%, see Paper 1) while LTS size is
not (relative error usually greater than 10%). Moreover, due to the method
we used to reconstruct images (see Paper 1), there is possibility that size
of LTS is overestimated. In such a case density and, in consequence, the
radiative cooling term would be underestimated.
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3.2.2. accuracy of the energy balance terms – conduction
term
Thermal conduction term involves temperature, altitude and size of an LTS.
Two first parameters are determined with quite a good accuracy (errors less
than 10%). Size, as mentioned, is the most uncertain parameter obtained
from RHESSI data. Fortunately, the term is dominated by temperature (in
high power of 3.5) thus, it can be calculated with a good accuracy.
However, the equation we use for conductive cooling is valid for Spitzer
conductivity, while the real conductivity in the solar corona can be sup-
pressed due to the following factors:
1. Non-local conduction. It has been shown that if the temperature vari-
ation length scale is less than 30 times longer than the mean free
path of the thermal electrons then the actual conductivity becomes
smaller than Spitzer conductivity (Luciani et al., 1983). This is the
case for a typical solar flare. For our LDEs flares the lowered non-local
conduction may be 10 times smaller than Spitzer one.
2. Suppressed outflow of mass and energy from LTSs. Observations of
LTS suggest that some kind of restriction efficiently preventing outflow
of mass and energy even for hours must be present at the boundary
of the sources (Vorpahl et al., 1977; Jakimiec et al., 1998; Jiang et
al., 2006). In the extreme case the suppressed conduction flux may be
even zero, but this scenario is rather too extreme.
Taking these two factors into account we decided to calculate upper
and lower limits for EH . The upper limit, (EH)max, is calculated directly
from Equation (1) i.e. with Spitzer conductivity. As mentioned we took
LTS altitude h as an approximation for loop semi-length L. Because h is
always smaller than L, we slightly overestimate EC and in consequence
(EH)max can be regarded as unattainable upper limit. A lower (the lowest
possible) limit, (EH)min, can be obtained assuming EC = 0, though this
may not be physically realistic. The actual value of LTS heating rate should
be contained between the upper and lower limits of EH .
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3.2.3. accuracy of the energy balance terms – thermal en-
ergy and adiabatic expansion terms
Thermal energy and adiabatic expansion terms involve the same set of ob-
servational parameters as the radiation term. Thus, there is similar problem
with accuracy of these two terms caused by uncertainty of determination
of an LTS size. Fortunately, both terms are small in value, usually smaller
than thermal conduction and radiation terms. This fact results from slow
temporal changes of LTS temperature and density (see Paper 1). In conse-
quence uncertainty of thermal energy and adiabatic expansion terms is not
a source of substantial errors in EH .
4. Results
Estimated values of heating rates (EH)min and (EH)max for all analysed
LDEs are shown in Fig. 1. The figure shows how both limits of EH changed
during the decay phase of a given LDE. Because the selected LDEs had
different duration of the decay phase (see Table 1 in Paper 1) we decided
to express time after a given LDE maximum in units of characteristic time
of temperature decay in this LDE. Such an approach allows us to compare
heating rates of all selected LDEs and to find out if there is any similar
temporal behaviour of EH for LDEs of significantly different power and
decay time. Values of heating rates (EH)min and (EH)max form quite clear
pattern in the figure. There are two distinct paths which decrease slowly
with time (lower path formed by (EH)min and higher by (EH)max). The
width of each path is not greater than 2 orders of magnitude. We observed
that stronger flares do not lie higher in a path.
As one can see EH was always greater than zero, though the lower limit
can be as small as 10−4 erg cm−3 s−1. Even with such a low heating rate
an LTS of typical volume of the of 1028 cm3 existing for 10 hours needs
in total more than 1028 erg of thermal energy to be visible as it is. As we
mentioned the (EH)min may be always lower than actual heating. Assuming
that actual EH is smaller than (EH)max by a factor of 50 (we assumed that
conduction is somewhat lowered by a presence of non-local conduction and
by suppression of outflow of mass and energy from LTSs) we obtain that
total energy needed to sustain typical long-lasting LTS during the decay
phase is as high as 1031 erg. This is huge amount of energy which can
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be higher than energy released during the rise phase of an LDEs. Recently
Jiang et al. (2006) investigated heating and cooling processes of an LTS and
found that there is a large amount of energy released during the decay phase
of a short-duration solar flare and that the amount may by comparable to
amount of energy released during the impulsive phase. The authors suggest
that in the case of LDEs the energy released during the decay phase may
be even larger than the energy released during the impulsive phase. Our
analysis may confirm this suggestion.
Figure 1: Upper (pluses) and lower (squares) limits of the heating rate estimated for the
nine analysed LDEs. Time after the maximum of a given LDE is expressed in units of
characteristic time of temperature decay in this LDE.
5. Conclusions
In several earlier papers authors estimated the rate of energy release in LDEs
using the energy balance and data from Skylab or Yohkoh (e.g. Cheng, 1977;
Isobe et al. 2002; Kołomański, 2007). RHESSI data have several advantages
8 Cent. Eur. Astrophys. Bull. vol (2018) 1, 8
RHESSI INVESTIGATION OF X-RAY CORONAL SOURCES DURING DECAY PHASE OF SOLAR FLARES: II. ENERGY BALANCE
comparing to previous instruments. RHESSI is very useful for analysing
weak sources even with 1 keV energy resolution due to its high sensitivity.
Owing to this we are able to perform precise imaging spectral analysis of
LDEs. Moreover good spatial and energy resolution of the instrument, its
high sensitivity to X-ray flux and to hot plasma allow us to obtain reliable
values of all parameters needed for the energy balance calculations. As we
showed, with the RHESSI data we are able to calculate all terms of the
energy balance equation with accuracy good enough to obtain reliable limits
on the actual value of the heating rate:
• The upper limit of the heating rate (EH)max (with Spitzer conduc-
tivity), which is controlled mainly by the thermal conduction term, is
determined with good accuracy.
• The lowest limit of the heating rate (EH)min (with thermal conduction
suppressed to zero), which is controlled mainly by radiation term, may
by slightly underestimated due to overestimation of an LTS size.
Using the energy balance we estimated the heating rate for LTSs of nine
LDEs during the decay phase. Our results can be summarized as follows:
• The heating rate is non-zero during the whole decay phase and it
decreases very slowly with time. This results in slow evolution of LTSs,
e.g. very long characteristic time of temperature decay, and gives the
sources their long-lasting existence.
• The total energy needed to sustain a typical long-lasting LTS during
the decay phase can be as high as 1031 erg. This amount of energy
can be equal to or higher than energy released during the rise phase of
an LDEs. This severe requirement should be taken into account when
building a model of solar flares.
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